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FIG. 4 is a largely cross-sectional depiction of a combustion chamber of an OCN engine 
with an annular flame holder and exhaust reinjection; 

FIG. 5 is a transverse cross-section of an OCN engine depicting a combustion chamber 
compressor; 

FIG. 6A is an axial cross section of a compressor-driving nozzle wheel depicting three 
nozzle wheel blades, two nozzles and an implementation of the blade cooling method of 
the present invention; 

FIG. 6B depicts, in cross section in a cylindrical plane that is coaxial with the axis of an 
OCN engine, details of the cooling of the base of a blade of a compressor-driving nozzle 
wheel according to the method of the present invention; 

FIG. 7 is a largely cross-sectional depiction of an embodiment of a turboshaft embodiment 
of an OCN engine having a free-nozzle wheel to drive the load; 

FIG. 8 is a perspective view of a schematic depiction of a rotating assembly of an OCN 
engine configured for partial admission; 

FIG. 9 is a largely cross-sectional depiction of an embodiment of a turbofan embodiment of 
an OCN engine; 

FIG. 10 is a largely cross-sectional depiction of an embodiment of a turboprop embodiment 

of an OCN engine; 

Fig 1 1 are OCN-Cross sections of Turbo-shaft version; 
Fig 12 is a T-S Diagram; 

Fig 13 shows OCN-Thermal efficiencies vs. Compressor pressure ratio; 

Fig 14 shows OCN-Specific Power vs. Compressor pressure ratio; 

Fig 15 is an OCN and conventional gas turbine Specific power-comparison; 

Fig 16 is an OCN and conventional gas turbine efficiencies-comparison; 

Fig 17 shows OCN Turbofan-S. F. C. vs. Turbine temperature; 

Fig 18 shows OCN Turbofan-Thrust vs. Turbine temperature; 

Fig 19 shows an OCN-Effect of Part Load on Thermal Efficiency; 

Fig 20 shows an OCN-Effect of Part Load on Power; and 

Fig 21 shows OCN- Velocity Triangles. 

DETAILED DESCRIPTION OF THE INVENTION 

The engine of the present invention is characterized in having a rotating assembly 
comprising a co-rotating compressor and nozzle wheel enclosed within a non-rotating outer 
casing, thus defining a rotating combustion chamber. Since, in contrast to prior art turbines, 
in the engine of the present invention there is no turbine wheel and torque is generated 
using a rotating nozzle wheel, and because combustion occurs in a vortex of air rotating 
together with the rotating assembly, the engine of the present invention is called an orbiting 
combustion nozzle (OCN) engine. 
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A new concept o£jn orbiting combustion nozzle 
(OCN) engine is presented in which the power is 
provided by a rotating combustion chamber expanding 
througli rotating nozzles, generating a continuous 
torque and rotating together as one unit The air is 
supplied to && combustion chamber from a compressor 
rotating with the combustion chambers in the same 
angular velocity, eliminating the conventional 
stationary compressor difluser and turbine nozzle guide 
vanes. A compact engine is thus attained, having the 
low pollution and continuous combustion advantages of 
a ga5 turbine with fewer components and more cost 
effective. 

A thermodynamic analysis results in specific 
power and thermal efficiencies hi^er than those of 
conventional gas turbines while using combustion 
STATIC temperature lower by 140^ tlian 
contemporary gas turbines. The significance of this on 
emission and reliability is self-evident. 

Also, the part load performance of this engine is 
superior to a conventional cycle gas turbine which is a 
great advantage in many applications. 
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specific heat at constant volume ' 


E - 


energy input 


- 


reaction force 



m - mass flow 

M - Mach number 
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efficiency 


P - 


gas density 



Ap - combustion chamber pressure loss 
1. Introduction 



In a conventional gas turbine cycle, air is 
compressed by a compressor rotor and its dynamic 
energy at the compressor exit is diffused by a stationary 
diifixscr. This diffusion creates a pressure loss of about 
10% of the rotor total pressure, thus decreasing the 
compressor efficiency and the net work of the gas 
turbine. 

Further, exiting the diffuser the air is introduced into 
the combustor in which combustion gas is expanded 
through the turbine to generate power. Since the 
combustor is stationary, the gas is accelerated again 
through stationary vanes to match the rotating blade 
inlet conditions. In doing so, there is an extra loss of 
total pressure and a decrease of turbine efficiency 
mainly due to friction losses and aerodynamic vortices 
in the zone between vanes and blades. Thus, turbine 
efficiency is impaired - reaching only 85% in small gas 
turbines. 

The combined losses of the turbine and compressor 
efficiencies result in a reduced performance of the gas 
turbine - up to 35% reduction (for high pressure ratio 
cycle) in net power, compared to the OCN performance. 
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which due to hs unique design eliminates the above 



Furthermore, to avoid losses due to shock waves^ 
the conventional turbine is not designed to operate in 
supersonic inlet blade conditions, thus the pressure ratio 
per turbine stage is limited (about 25). Consequently, 
in conventional high pressure ratio turbines, there are 
several steges - stationary and rotating, while the 
having no inlet guide vanes and not limited to expand 
higher pressure ratios with a high efficiency up to 4:1 
with one stage, has fewer expansion stages (turbines). 



Ambient air is sucked into a compressor [1]. The air 
is Compressed to the desired pressure and rotational 
speed in axial stages and then in a centrifugal stage. 

Air exiting from the compressor rotor [2] is not 
diffused to stationary conditions but fed through 
rotating vanes into a rotary combustor [4] thus: 

• Eliminating pressure loss as in a conventional 
diffiiser, resulting in higher compressor efficiency, 
(gain of about 5% for a pressure ratio of 20:1). 

• Reaching a higher pressure ratio with the same 
number of compressor stages compared to a 
conventional compressor - due to the low relative 
velocity of the compressor exit flow. Usually in 
conventional compressors, the pressure ratio is 




limited to avoid supersonic flow in the diffuser inlet. 

Air exiting into the rotary combustor is mixed with 
fuel and the mixture is burnt in lower static pressure 
then in a conventional cycle. The swirling air helps in 
vaporizing the fuel. Its relative velocity is kept low by 
choosing carefully the compressor outlet conditions. 
Combustion efficiencies are designed to be between 98- 
99.S% and pressure drops less than 6% of the inlet 
relative pressure. 

The hot gases are expanded now through rotary 
nozzles [5] which provide the energy to drive the 
compressor - a much less enthalpy drop is required than 
from a conventional turbine due to the higher expansion 
efficieiicy in the rotating nozzles. No stationary vanes 
are needed to expand the hot gasi fiom stagnation 
conditions into rotating blades. This results in: 

• A high adiabatic efficiency of the rotating nozzle - 
over 90%. 

• Due to the high pressure ratio capability of the 
rotating nozzle - one stage is required for a pressure 
ratio of 4:1. 

• The combustion chamber static temperature is lower 
than in a conventional cycle (about 125*0 lower) for 
the same power output Fig. 11 ^ 



losses. 



2. Description - Fig. 1 1 
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Exiting the rotating nozzles the gases have a certain 
swirl which is straightened by stationary difiliser vanes 
as in a conventional gas turbine. 

The exit velocity depends on the cycle parameters 
and the engine type. In high pressure ratio turbojet and 
turbofan applications the pressure behind the rotating 
nozzle is kept at about 2 bars by adding a thrust nozzle, 
and thus the exit mach number is kept subsonic while in 
high pressure ratio tuibo-shalls exiting into ambient 
conditions the flow may be transonic. In this case a 
power turbine [8] may be added and the OCN engine 
would serve a^ a gas generator. 



3. Thermodynamic Cycle Analysis 

Appendix A details the thermodynamic analysis. 
The equations derived are used to calculate the 
perfomiance of the engine as detailed in the various 
performance curves. 

Fig. 12 shows the OCN cycle in the T-S diagram, in 
comparison to conventional cycle. The total pressure of 
the compressor is kept the same for boft cycles [this 
results in higher total temperature for the conventional 
cycle due to its lower compressor efficiency.] 

Obviously, axial compressor stages are added in front 
of the centrifugal, the latter is limited to a pressure ratio 
of 8:1 due to mechanical strength limitations. 

Two different OCN cycles arc analyzed and compared 
to the conventional cycle-[ A-B-C-D ] 

A-Bl-Cl-E-Dl- Heating the gas in the 2 cycles 
[having the same compressor pressure ratio of 20] to 
the same total temperature [HOCK] results in 
higher power output for tiie OCN cycle. This ]§. 
obvious from the larger net area in the T-S diagram 
which results fi-om the higher compressor and 
turbine efficiencies- Since the heat input for the two 
cycles is about identical, the net result is higher 
efficiency [34% against 29%] and higher specific 
power [21 OkW against 1 8 1 kW] for the OCN cycle. 

• A-B2-C2-F-D2- Heating the gas in the OCN cycle 
to a total relative temperature identical to the 
stagnation inlet turbine temperature in the 
conventional cycle» a higher turbine enthalpy drop is 
obvious in the diagram for the OCN cycle. This is 
due to its higher eflicicncy. Even diough the heat 
input is higher, the net work is higher for the OCN 
cycle which makes it more efficient. [Efficiency is 
now 35% and specific power is 256 kW], The 
detailed analysis further shows it clearly, as may be 
calculated fromFig; 1 Ifor this specific case. 
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4. Performance Analysis 

Figs. 13, 14 show the design point performance of 
the OCN cycle for a gas turbine with an airflow of 1 
kg/sec and a relative nozzle inlet temperature of 1000'*K 
and 1300°K. Compressor efSciency is 5% higher than 
in conventional compressor efficiency for the same 
pressure ratio. Nozzle expansion efficiency is also 5% 
higher than in conventional turbines for the same 
expansion ratio. The variable parameters are P.R - tota] 
conipressor pressure ratio, and u - nozzle oihita) 
velocity. 

It is evident &om these figures that there is an 
optimuni value of u for a fixed PJl which results in the 
maximum efficiency and another value for maximum 
specific power. TaJdng a design point of u = 500 m/sec 
(an acceptable value for superalloys), Cu=400m/sec, a 
nozzle inlet relative temperature of 1300**K and a PJl of 
20, the net thermal efficiency is 35% and the power is 
256kW/lcg/sec. 

Increasing the pressure ratio up to 36 [ by adding 
more comptrcssor stages in front ] while the rotating 
velocitv is 600 m/sec results in an efficiency of 383%. 

Figs. 15, 16 depict the €X:N versus the conventional 
cycle performance in various turbine [nozzle] inlet 
temperatures. For example [see C , D] a conventional 
cycle with tlie same P.R and the same turbine inlet 
stagnation temperature of 1300% but with 5% reduced 
efficiencies* for both compressor and turbine the 
performance is: Power - 181 kW/kg/sec; Efficiency - 
29%.,compared to 35% and 256kw of the OCN engine. 

Figs. 15, 16 also show the OCN and conventional cycle 
performance w^en the speed [and pressure ratio] are 
constant and the inlet temperature changes. In the OCN 
cycle the efficiency drops mildly [from 35 to 29%] with 
the specific power when the temperature drops from 
1300'K to 1000% while the efficiency of the 
conventional cycle for the same temperature reduction 
drops to 8%. [see E, F]. This is a significant advantage 
of the OCN cycle in reduced temperatures in contrast to 
the poor efficiency of conventional gas turbines. 

Analyzing the cycle for high pressure ratio turbojet 
or turbofan engine Figs. 17, 18 we arrive at the same 
relative improvement compared to a^i^onventional cycle 
for specific thrust and S-F.C. values. This superior 
performance coupled with reduced weight and cost 
make this engine far more cost effective than a 
conventional gas turbine. 

The advantage of the OCN engine compared to the 
conventional cycle is thus significant in nozzle inlet 
temperatures between 1000'*K - 1400% [Actually, 
even at inlet temperature of leOO'K the efficiency gain 
is still 2.5%], 

• The thermal efficiency is higher by 4%-21% 
[absolute value] 
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The specific power is higher throughout tlie fiiJl 
temperature range by 50-100 % 

The low temperature performance is attractive 
compared to a conventional cycle. 

• The static turbine [nozzle] inlet temperatures are 
lower by 140°K for the same power requirement 
(See Fig. 15 line D-D'). • 

5. Pnrt load performance 

Figs. 19, 20 describe the. part load performance of 
an industrial OCN gas turbine with a free turbine when 
its design point is: 

Compressor P = 24 

Turbine relative total inlet temperature = 1300^ 
Airflow = 2.7 kg/sec 

Decreasing its turbine inlet temperature the gas 
generator main shaft speed 'ifecreases too, while its free 
turbine speed is kept constant 

Due to the high adiabatic efficiencies of 
compression and expansion there is only slight decrease 
of thermal efficiency [from 35% to 27%] when the load 
decreases to 30% of its load at 1300'*IC In the 
conventional cycle the thermal efficiency drops to 17% 
for 30% load. 

Tlie above advantages decrease with higher total 
temperature or in lower pressure ratio. This makes the 
OCN engine attractive for industrial turbines for 
electrical energy generation where the long life 
requirements dictate low turbine inlet temperature, for 
heavy vehicular use where the part load efficiency is 
most important and for small efficient aircrafl engin^es 
where the size and weight are important, a marfet 
dominated for over a 100 years by heavy piston 
engines. 



Conclusions 

1. The OCN engine cycle is superior to the 
conventional cycle up to a turbine [nozzle] inlet 
temperature of 1600k both in specific power and 
efiGciency. This advantage decrease in higher 
temperature or lower pressure ratio. 

2. The OCN engine offers a solution to a new power 
propulsion concept, presenting a compact 
configuration , having a specific power and thermal 
efficiency better than conventional gas turbines. 

3. Due to its higher compression and expansion 
efficiencies the OCN engine thermal efficiency is 
hjgh even at a 30% load, which is a considerable 
advantage compared to conventional gas turbines. 
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4. The OCN engine delivers the same power as a 
conventional gas turbine with a lower turbine 
[nozzle] inlet temperature of about 140TC 

5. Having fewer compressor and turbine stages for the 
same total pressure ratio the OCN engine has lower 
weight, less volume, and lower cost 

6. The OCN engine is thus a better cost effective 
engine suitable to various applications .In particular, 
due to its flat curve, the OCN engine is a better 
power plant for small aircraft, gas turbines, and 
vehicular use such as cars and truclcs. 
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OCN PERFORMANCE CALCULATION 
Power 

The power is derived by computing first the reaction 
force Fr which is: 

where: 

in - the nozzle exhaust flow rate 

u - tiie rotating tangential nozzle velocity 

W4u- the exhaust gas tangential velocity 

Cu - absolute tangential nozzle inlet velocity 

W3u— U3-C3U - relative tangential nozzle inlet 
velocity. 

The turbine power is the product of 

P„ = 111 (w^u" u 
and for wsu ~ 0, 

P„=mw4„u (1) 
Note: 

In the ca^ of an axial inlet into the nozzle - in the 
relative space - Wj,=0 , and we carry further the 
calculation with this assumption, but it can be shown 
that the calculation result for tlie value of W3u is 
identical for any value of W3u. 

The net power is derived by subtracting the 
compressor power Pc from the nozzle power Pn 



The compressor power Pc , for m = 1 kg/sec is 
derived by calculating the enthalpy change across the 
compressor: 



_ ■'It 



Iclm 



m 



K 



-1 



(2) 



in Which: 



rjc " adiabatic compressor efficiency 

77,„ - mechanical compressor efficiency 

71/ - compressor inlet total temperature 

Ta, - compressor outlet total temperature 
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Py, - compressor inlet total pressure 
^2/ - compressor outlet total pressure 

The nozzle power is also derived irom 
thermodynamics as follows: • 

in Which: 

T^t - nozzle total inlet temperature 
Tm - nozzle total outlet temperahire. 

may also be expressed by: 
..2 



(3) 



^3/ = "^IR + 



^4f — -^^p:, — 



2Cj 
Where: 

Tas - static temperature at nozzle outlet 
Tsji - relative total temperature at nozzle inlet 
Thus: 



(4) 
(5) 



2C-P 



2C^ 



^2^ 
J 



Combmmg Eqs. (1) and (4) results ;n:[for Ikg/sec] 



-4^ 



»c^(r3;?-r4.)-^+0v4> 

If the exhaust velocity is tangential then 
and 

2 



(8) 



(9) 



Inc)uding the nozzle efficiency results in: 

Where T^fj = iscntropic static temperature at nozzle 
exit 

Calculating 74/j is done by evaluating the diffiiser 
performance. Total pressure at the diffiiser outlet is the 
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ambient pressure. Assuming the exit velocity is null and 
the diffuser efficiency is 100%: 



(10) 



"Where M4 is the local static Mach number at the 
difiuser inlet and is derived irom its definition: 



Ma =-7= 

>W7 



(H) 



Equation (9) may be expressed as a function of the 
pressure ratio across the nozzle 



2Cp 73;? 



(12) 



Combining Eqs. (10). (11) and (12) results in a 
single expression for the nozzle exit velocity: 



Jk-I 



1— ■ 



1 + 



kR 



T3R~ 



p J 



(13) 



Which may be solved mathematically once the 
values of 73;^, u are chosen and introduced. 

The diffuser efficiency value decrease the calculated 
nozzle exit velocity w according to the definition of 
efficiency: 



7rf 



(14) 



to its actual value . 
Hence: 

^>'x = w + (->^)[^»'4-«) 

Now the value of is used to calculate the net pov/er 
using Eq.(l). 

The value of 773^ Which is the total relative 
pressure at the nozzle inlet is calculated by subtracting 
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the combustion pressure drop AP from the value of 
P^R Which is the relative total pressure at the 
compressor exit and is calculated as foJlows: 



Jfe-1 



Pit 
P1.R 

Where: 



'It 



2C^ 



05) 



F2S - 

T21 - 

C7.U " 



total pressure at the compressor exit and is 
detemiined by the choice of the pressure X 

total temperature at compressor exit 

tangential componnit of compressor exit 
velocity. 
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Thermal efficiency calculation 

net power output 
Aerm a] power input 

The thermal power input is invested in the fuel 
injected into the combustion chamber raising the 
temperature from T^jj to T^j^ Where Tj^j is derived 
fromEq. (15): 



2Cj Cj . 
Hence the thermal power input is: 

^com 

Where rj^^^ is the combustion efficiency. 

Introducing the net power output from Eq. (1) the 
themial efSciency is: 
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Calculntipn Sequence 
^ cpmbustor-,' VN^^F 



I 


Find 


Eq.(2). 


n 




Eq.(15)) 


m 


Find 


Eq.(13). 


IV 


Find 


Eq.(14) 


V 


Find Net power 


Eq.(l). 


VI 


Find Tjij, 


Eq.(16). 
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Fig. 12 _ OCN T-S Diagram 
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Fig. 13 O.C.N THERMAL EFFICIENCIES 
Design point analysis 
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Fig. 14 O.C.N sPEcinc power 
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Fig. 15 - O.CN AND CONVENTIONAL GAS TURBINE SPECIFIC POWER 
P.R=20 U=500 m/secCU -400 m/sec 
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Fig. 17 O.C.N TURBOFAN S .F.C. 
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Fig- 18 O.C.N TURBOFAN THRUST 
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Fig. 19 - EFFECT OF PART LOAD ON THERIWAL EFFICIENCY 
OCN DESIGN POINT: CJPJO^A; TURBINE INLET TEMPERATUREp-lSWfK; AIR njOW=2.7 kg/sec 
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FIG. 4 is a largely cross-sectional depiction of a combustion chamber of an OCN engine 
with an annular flame holder and exhaust reinjection; 

FIG. 5 is a transverse cross-section of an OCN engine depicting a combustion chamber 
compressor; 

FIG. 6A is an axial cross section of a compressor-driving nozzle wheel depicting three 
nozzle wheel blades, two nozzles and an implementation of the blade cooling method of 
the present invention; 

FIG. 6B depicts, in cross section in a cylindrical plane that is coaxial with the axis of an 
OCN engine, details of the cooling of the base of a blade of a compressor-driving nozzle 
wheel according to the method of the present invention; 

FIG. 7 is a largely cross-sectional depiction of an embodiment of a turboshaft embodiment 
of an OCN engine having a free-nozzle wheel to drive the load; 

FIG. 8 is a perspective view of a schematic depiction of a rotating assembly of an OCN 
engine configured for partial admission; 

FIG. 9 is a largely cross-sectional depiction of an embodiment of a turbofan embodiment of 
an OCN engine; 

FIG. 10 is a largely cross-sectional depiction of an embodiment of a turboprop embodiment 

of an OCN engine; 

Fig 11 are OCN-Cross sections of Turbo-shaft version; 
Fig 12 is a T-S Diagram; 

Fig 13 shows OCN-Thermal efficiencies vs. Compressor pressure ratio; 

Fig 14 shows OCN-Specific Power vs. Compressor pressure ratio; 

Fig 15 is an OCN and conventional gas turbine Specific power-comparison; 

Fig 16 is an OCN and conventional gas turbine efficiencies-comparison; 

Fig 17 shows OCN Turbofan-S. F. C. vs. Turbine temperature; 

Fig 18 shows OCN Turbofan-Thrust vs. Turbine temperature; 

Fig 19 shows an OCN-Effect of Part Load on Thermal Efficiency; 

Fig 20 shows an OCN-Effect of Part Load on Power; and 

Fig 21 shows OCN- Velocity Triangles. 

DETAILED DESCRIPTION OF THE INVENTION 

The engine of the present invention is characterized in having a rotating assembly 
comprising a co-rotating compressor and nozzle wheel enclosed within a non-rotating outer 
casing, thus defining a rotating combustion chamber. Since, in contrast to prior art turbines, 
in the engine of the present invention there is no turbine wheel and torque is generated 
using a rotating nozzle wheel, and because combustion occurs in a vortex of air rotating 
together with the rotating assembly, the engine of the present invention is called an orbiting 
combustion nozzle (OCN) engine. 
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A new concept o£-an orbiting combustion nozzle 
(OCN) engine is presented in which the power is 
provided by a rotating combustion chamber expanding 
througli rotating nozzles, generating a continuous 
torque and rotating together as one unit The air is 
supplied to the combustion chamber from a compressor 
rotating with the combustion chambers in the same 
angular velocity, eliminating ti)e conventional 
stationary compressor diffiiser and turbine nozzle guide 
vanes. A compact engine is thus attained, having the 
low pollution and continuous combustion advantages of 
a ga5 turbine with fewer components and more cost 
effective. 

A thermodynamic analysis results in specific 
power and thermal efficiencies higher than those of 
conventional gas turbines while using combustion 
STATIC temperature lower by 140^ tlian 
contemporary gas turbines. The significance of this on 
emission and reliability is self-evident. 

Also, the part load' performance of this engine is 
superior to a conventional cycle gas turbine which is a 
great advantage in many applications. 



If. Nomenclature 



Cp - 


specific beat at constant pressure 


■ 


average value for fte progress range 


c - 


absolute velocity 


Cv - 


specific heat at constant volume ' 


E - 


energy input 


Fr - 


reaction force 


k - 


Cp/Cy 


m 


mass flow 


M - 


Mach number 


P - 


pressure 


P.R - 


pressure ratio 


R. - 


universal gas constant 


T - 


temperature 


u 


orbital velocity 


w 


relative velocity 
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Suflbces - 



a 


-ambient 


c 


- compressor 


e 


- exit 


d 


- diffuser 


is 


- isentropic 


n 


- no22]e 


R 


- relative 


S 


. static condition 


th 


- thermal 


t 


- tota] stagnation condition 


u 


- • tangential component of velocity 


X 


- actual conditions at n^&zle outlet 


2 


- com pressor out! et cond itions 


3 


• nozzle inlet conditions 


4 


- nozzle outlet conditions 


Greek 




- efficiency 


P 


- gas density 


Ap 


- combustion chamber pressure loss 




1. Introduction 



In a conventional gas turbine cycle, air is 
compressed by a compressor rotor and its dynamic 
energy at the compressor exit is diffused by a stationary 
diffixscr. This difiusion creates a pressure loss of about 
10% of the rotor total pressure, thus decreasing the 
compressor efficiency and the net work of the gas 
turbine. 

Further, exiting the diffuser the air is introduced into 
the combustor in which combustion gas is expanded 
through the turbine to generate power. Since tiie 
combustor is stationary, the gas is accelerated again 
through stationary vanes to match the rotating blade 
inlet conditions. In doing so, there is an extra loss of 
total pressure and a decrease of turbine efficiency 
mainly due to friction losses and aerodynamic vortices 
in the zone between vanes and blades. Thus, turbine 
efficiency is impaired - reaching only 85% in small gas 
turbines. 

The combined losses of the turbine and compressor 
efficiencies result in a reduced performance of the gas 
turbine - up to 35% reduction (for high pressure ratio 
cycle) in net power, compared to the CX^ performance. 
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which due to its unique design eliminates the above 
losses. 

Furthermore, to avoid losses due to shock waves^ 
the convention aJ turbine is not designed to operate in 
supersonic inlet blade conditions, thus the pressure ratio 
per turbine stage is limited (about 2 J). Consequently, 
in conventional high pressure ratio turbines, there are 
several stages - stationary and rotating, while the OCM, 
having no inlet guide vanes and not limited to expand 
higher pressure ratios with a high efficiency up to 4:1 
with one stage, has fewer expansion stages (turbines). 

2. Description - Fig. 1 1 

Ambient air is sucked into a compressor [1]. The air 
is tompressed to the desired pressure and rotational 
speed in axial stages and then in a centrifugal stage. 

Air exiting from the compressor rotor [2] is not 
diffused to stationary conditions but fed through 
rotating vanes into a rotary combustor [4] thus: 

• Eliminating pressure loss as in a conventional 
diffuser, resulting in higher compressor efficiency, 
(gain of about 5% for a pressure ratio of 20:1). 

• Reaching a higher pressiu-e ratio with the same 
number of compressor stages compared to a 
conventional compressor - due to the low relative 
velocity of the compressor exit flow. Usually in 
conventional compressors, the pressure ratio is 
limited to avoid supersonic flow in tiie diffuser inlet. 

Air exiting into the rotary combustor is mixed with 
fuel and the mixture is burnt in lower static pressure 
then in a conventional cycle. The swirling air helps in 
vaporizing the fuel. Its relative velocity is kept low by 
choosing carefully the compressor outlet conditions. 
Combustion efficiencies are designed to be between 98- 
99.8% and pressure drops less than 6% of the inlet 
relative pressure. 

The hot gases are expanded now through rotary 
nozzles [5] which provide the energy to drive the 
compressor - a much less enthalpy drop is required than 
firom a conventional turbine due to the higher expansion 
efficiericy in ti^e rotating nozzles. No stationary vanes 
are needed to expand the hot gas from stagnation 
conditions into rotating blades. This results in: 

• A high adiabatic efficiency of the rotating nozzle - 
over 90%. 

• Due to the high pressure ratio capability of the 
rotating nozzle - one stage is required for a pressure 
ratio of 4:1. 

• The combustion chamber static temperature is lower 
than in a conventional cycle (about 125'*C lower) for 
the same power output Fig. 1 i <. 
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Exiting the rotating nozzles the gases have a certain 
swirl which is straightened by stationary diffuser vanes 
as in a conventional gas turbine. 

The exit velocity depends on the cycle parameters 
and the engine type. In high pressure rabo turbojet and 
turbofan applications the pressure behind the rotating 
nozzle is kept at about 2 bars* by adding a thrust nozzle, 
and thus the exit mach number is kept subsonic while in 
high pressure ratio turbo-shafts exiting into ambient 
conditions the flow may be transonic. In this case a 
power turbine [8] may be added and the OCN engine 
would serve as a gas generator. 



3. Thermodynamic CycJe Analysis 

Appendix A details the thermodynamic analysis. 
The equations derived are used to calculate the 
performance of the engine as detailed in the various 
performance curves. 

Fig. 12 shows the OCN cycle in the T-S diagram, in 
comparison to conventional cycle. T*he total pressure of 
the compressor is kept the same for both cycles [this 
results in higher total temperature for the conventional 
cycle due to its lower compressor efficiency.] 

Obviously, axial compressor stages are added in front 
of the centrifugal, the latter is limited to a pressiu* ratio 
of 8:1 due to mechanical strength limitations. 

Two different OCN cycles are analyzed and compared 
to the conventional cycle-[ A-B-C-D ] 

^ A-Bl-Cl-E-Dl- Heating the gas in the 2 cycles 
[having the same compressor pressure ratio of 20] to 
the same total temperature [13001C] results in 
higher power output for the OCN cycle. This 
obvious from the larger net area in the T-S diagram 
which results from the higher compressor and 
turbine efficiencies. Since the heat input for the two 
cycles is about identical, the net result is higher 
efficiency [34% against 29%] and higher specific 
power [2 1 OkW against 1 8 1 kW] for the OCN cycle. 

- A-B2-C2-F-D2- Heating the gas in the OCN cycle 
to a total relative temperature identical to the 
stagnation inlet turbine temperature in the 
conventioi^al cycle, a higher turbine enthalpy drop is 
obvious in the diagram for the OCN cycle. This is 
due to its higher efficiency. Even tliough the heat 
input is higher, the net work is higher for the OCN 
cycle which makes it more efficient. [Efficiency is 
now 35% and specific power is 256 kW]. The 
detailed analysis further shows it clearly, as may be 
calculated fromPigl 1 Ifor this specific case. 
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4. Performance Analysis 

Figs. 13, 14 show the design point pBrfomiance of 
the OCN cycle for a gas turbine with an airBow of 1 
kg^sec and a relative nozzle inlet temperature of 1 000**K 
and 1300**K. Compressor efficiency is 5% higher than 
in conventional compressor efficiency for the same 
pressure ratio. Nozzle expansion efficiency is also 5% 
higher than in conventional turbines for the same 
expansion ratio. The variable parameters are P.R - total 
compressor pressure ratio, and u - nozzle orbital 
velocity. 

It is evident from these ^gures that there is an 
optimum value of u for a fixed PJl which results in the 
maximum efficiency and another value for maximum 
specific power. Taldng a design point of u = 500 m/sec 
(an acceptable value for superalloys), Cu^^iOOm/sec, a 
nozzle inlet relative temperature of 1300°K and a PJR. of 
20, the net thermal efficiency is 35% and the power is 
256 kW/kg/sec. 

Increasing the pressure ratio up to 36 [ by adding 
more compressor stages in front ] while the rotating 
velocitv is 600 m/sec results in an efficiency of 383%. 

F'gs. 15, 16 depict the OCN versus the conventional 
cycle performance in various turbine [no2z3e] inlet 
temperatures. For example [see C , D] a conventional 
cycle with tlie same P R and the same turbine inlet 
stagnation temperature of 1300°K, but with 5% reduced 
efficiencies' for both compressor and turbine the 
performance is: Power - 181 kW/kg/sec; Efficiency - 
29%.,compared to 35% and 2561cw of fte OCN engine. 

Figs. 15, 16 also show the OCN and conventional cycle 
performance when the speed [and pressure ratio] are 
constant and the inlet temperature changes. In the OCN 
cycle the efficiency drops mildly [from 35 to 29%] with 
the specific power when the temperature drops from 
noC^K to 1000% while the efficiency of the 
conventional cycle for the same temperature reduction 
drops to 8%- [see E, F]. This is a significant advantage 
of the OCN cycle in reduced temperatures in contrast to 
the poor efficierrcy of conventional gas turbines. 

Analyzing the cycle for high pressure ratio turbojet 
or tunbofan engine Figs. 17, 18v/e arrive at the same 
relative improvement compared to a.^conventional cycle 
for specific thrust and S-F.C. values. This superior 
performance coupled with reduced weight and cost 
make this engine far more cost effective than a 
conventional gas turbine. 

The advantage of the OCN engine compared to the 
conventional cycle is thus significant in nozzle inlet 
temperatures between 1000°K - 1400"K. [Actually, 
even at inlet temperature of 1600*K the efficiency gain 
is still 2.5%]. 

• The thermal efficiency is higher by 4%-21 % 
[absolute value] 
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The specific power is higher throughout tl^e full 
temperature range by 50-100 % 




The io-w temperature perfonnance is attractive 
compared to a conventional cycle. 




• The static turbine [nozzle] inlet temperatures are 
lower by 1 40°K for the same power, requirement 
(See Fig. 15 line D-D*). 




5. Fnrt load perforni»nce 




Figs. 19, 20 describe the. part load performance of 
an industrial OCN gas turbine with a free turbine when 
its design point is: 




Compressor P .R = 24 




Turbine relative total inlet temperature = 1300**K 




Airflow = 2.7 kg/sec 




Decreasing its turbine inlet temperature the gas 
generator main shait speed (decreases too, while its free 
turbine speed is kept constant 




Due to the high adiabatic efficiencies of 
compression and expansion there is only slight decrease 
of thermal efficiency [from 35% to 27%] when the load 
decreases to 30% of its load at 1300'*K. In the 
conventional cycle the thermal efficiency drops to 17% 
for 30% load. 




Tlie above advantages decrease with higher total 
temperature or in lower pressure ratio. This makes the 
OCN engine attractive for industrial turbines for 
electrical energy generation where the long life 
requirements dictate low turbine inlet temperature, for 
heavy vehicular use where the part load efficiency is 
iiiu^v jijj^Lii laiii ajju jui ^fjiaii ciijt^icni aircraxi engii\cs 
where the size and weight are important, a marfet ' 
dominated for over a 100 years by heavy piston 
engines. 




Conclusions 




1. The OCN engine cycle is superior to the 
conventional cycle up to a turbine [nozzle] inlet 
temperature of 1600k both in specific power and 
efficiency. This advantage decrease in higher 
temperature or lower pressure ratio. 




2. The OCN engine offers a solution to a new power 
propulsion concept, presenting a compact 
configuration , having a specific power and thermal 
efficiency better than conventional gas turbines. 




3. Due to its higher compression and expansion 
efficiencies the OCN engine thermal efficiency is 
hjgh even at a 30% load, which is a considerable 
advantage compared to conventional gas turbines. 
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4. The OCN engine delivers the same power as a 
conventiona] gas turbine with a lower turbine 
[no2zle] inlet temperature of about 140TC 

5. Having fewer compressor and turbine stages for the 
same total pressure ratio the OCN engine has lower 
weight, less volume, and lower cost. 

6- The OCN engine is thus a better cost effective 
engine suitable to various applications .In particular, 
due to its flat curve, the OCN engine is a better 
power plant for small aircraft, gas turbines, and 
vehicular use such as cars and trucks. 
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OCN PERFORMANCE CALCULATION 



Power 

The power is derived by computing first the reaction 
force Fr which is: 

where: 

m - the nozzle exhaust flow rate 

u - the rotating tangentiaJ nozzle velocity 

W4y- the exhaust gas tangential velocity 

Cu - absolute tangential nozzle inlet velocity 

W3u= U3-C3U - relative tangential nozzle inlet 
velocity. 

The turbine power is the product of 

and for wj„ = 0, 

P„=mw4uti (1) 
Note: 

In the ca^ of an axial inlet into the nozzle - in the 
relative space - Wj.K) , and we carry further the 
calculation with this assumption, but it can be shown 
that the calculation result for the value of W3u is 
identical for any value of w^u. 

The net power is derived by subtracting the 
compressor power P^ ^™ nozzle power Pn 

^ let = ^» ~ "'c 
The compressor power Pq , for m = 1 kg/scc is 
derived by calculating the enthalpy change across the 
compresson 

JTg-. — 



(2) 



in Which: 

77^ - adiabatic compressor efficiency 
T]j„ - mechanical compressor efficiency 
Tu ' compressor inlet total temperature 
T2, - compressor outlet total temperature 
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Pj, - compressor inlet total pressure 
- compressor outlet total pressure 

The nozzle power is also derived from 
thermodynainics as follows: • 

in Which: 

73/ - nozzle total inlet temperature 
Tai - nozzle total outlet temperahire. 

may also be expressed by: 

-.2 



(3) 



2Cs 



2Cs 



(4) 
(5) 



Where: 

Tax - static temperature at nozzle outlet 
T2J1 " relative total temperature at nozzle inlet 
liius: 



T2R + 



2Cp 



2C^ 



(6) 



Combining Eqs. (1) and (4) results in:[for Ikg/sec] 



. ., , ("'4.1)" 1 

2C^ J 



(7) • 
> 



If the exhaust velocity is tangential then 
and 

Including the nozzle efficiency results in: 
^4^ = (^3;j -74«)-2C^ -TJn 



(8) 



(9) 



Where 34/, = isen tropic static temperature at nozzle 
exit 

Calculating T^ij is done by evaluating the diffuscr 
performance. Total pressure at the difiuscr outlet is the 



m 1 s 



TO 



12 



34 



ambient pressure. Assuming the exit veJocity is null and 
the diffuser efficiency is 100%: 



Pa = Pa 



(10) 



V/here M4 is the local static Mach number at the 
diflbser inlet and is derived ironi its definition: 



Ma = 



(H) 



As 



Equation (9) may be expressed as a function of the 
pressure ratio across the nozzle 



2C. 



^45 ^_ 



(12) 



Combining Eqs. (10). (11) and (12) results in a 
single expression for the nozzle exit velocity: 



V=2C^77„73i? 



Jt-1 



1 — 



1 + 



(13) 



Which may be solved mathematically once the 
values of 73;;, u are chosen and introduced. 

The di^user efficiency value decrease the calculated 
nozzle exit velocity w according to the definition of 
efficiency: 



7rf 

to its actual value w 



Hence: 



(14) 



Now the value of Wjj is used to calculate the net power 
using Eq.(l). 

The value of p^j^ Which is the total relative 
pressure at the nozzle inlet is calculated by subtracting 



13 
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the combustion pressure drop AP from the value of 
Pin Which is the relative total pressure at the 
compressor exit and is calculated as foJlows: 




Where: 



F2J 



total pressure at the compressor exit and is 
detennined by the choiceof the pressure X 

- total temperature at compressor exft 

Ciu - tangential component of compressor exit 
velocity. 
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Therinai efficiency calculation 

net power output 
tfjcrm a] power input 

The thermal power input is invested in the fijel 
injected into the combustion chamber raising the 
temperature fiom Tzj^ to T^j^ Where T2ji is derived 
froniEq. (15): 

,2 



Hence the thermal power input is: 
C-p 
"com 

Where i/c^w is the combustion efficiency. 

Introducing the net power output from Eq. (1) the 
thermal efficiency is: 



15 
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W-U — Pf. 



f — ?i 1 



Calculation Sequence 



Input --CP.i^.; T^j^lTJclTJml^lul^' 



I 


Find 


Eq.(2). 


n 


Find p2ji andPsR 


Eq.(15)) 


in 


Find if^ 


Eq.(13). 


rv 


Find 


Eq.(14) 


V 


Find Net power 


Eq.(l). 


VI 


Find Tjjf, 


Eq.(16). 
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Eig. 11 - OCN Turbo shaft Engine - Example 



Net Power=630 kW; nis=54,000 rpm; n2=45,000 rpm 

G=2.7 Kg/sec; Compressor P.R.=16; T„mburtor=1260"'K; Thermal Efficiency=35»/o 
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Fig. 12 . OCN T-S Diagram 

line style Cycles Efficiency Power T\f 

Conventional = A-B-C-D 29% 181 kW 807» 87% 

OCN, Tr= 1300" K=A-E-B1-C1-F-D1 347. 210 kW 85% 92% 

OCN, Tr=1300"IC=A-E-B2-C2-G2-D2 35% 256 kW 85% 92% 

Compressor P.R = 20; u = 500 m/sec; Cu = 400 m/sec. 
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Fig. 13 O.C.M THERMAL EFFICIENCIES 
Design poinft analysis 
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Fig. 14 O.C.N sPEcinc power 

Design point analysis 
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Fig. 15- O.C.N AND CONVENTIONAL GAS TURBINE SPECIFIC POWER 
P.R=20 Us=500 m/secCU =400 m/sec 
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Fig- 16 O.C.N AND CONVENTIONAL GAS TURBINE EFFICIENC 
P.R=20 U=500m/sec Cu=400nysec 
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Fig. 17 O.C.N TURBOFAN S -F.C. 
UoBOOmfeee CueSDOmlsec PJt.e1B Ihntsl Ito&le pressure raOo > Fan prtcsurt lalio -1.B 
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Fig. 18 O.C.N TURBOFAN THRUST 
U=600 m/sec Cu=500 m/sec P.R=16 Fan.P.R=1.8 THRUST NOZZLE 
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Fig. 19 - EFFECT OF PART LOAD ON THERMAL EFFICIENCY 
OCN DESIGN POINT: CJ> Jl.«24; TURBINE INLET TEMPERATURB^ISOO*^ AIR FLOW«2.7 k&tec 
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OCN THERMAL EFFICIENCY 
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Fig- 20 EpFECT OF PART LOAD ON POWER 
OCN DESIGN POINT C.P.R-=24; TURBINE INLET TEMPERATURE=1300°K; AIR FLOW^2.7 kg/scc 
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Fig. 21 Velocity Triangle 
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